Protein digestion by trypsin has been widely used in many industrial and research applications. However, extensive use of trypsin is limited because of the rapid decrease in enzymatic activity caused by autolysis at optimal pH and temperature. To improve the enzymatic performance of trypsin, we synthesized highly stabilized polymer-trypsin conjugates using vinylmethylether-maleic acid copolymer (VEMAC) via multi-point attachment. The VEMAC modification significantly enhanced the thermal stability of trypsin, and the resulting conjugates showed a strong resistance to autolysis. VEMAC-modified trypsin (VEMAC-Tryp) showed maximum activity at 55 • C and at 1.4-fold higher levels than that of unmodified trypsin. Bovine serum albumin was effectively digested by VEMAC-Tryp, indicating that the modified trypsin can be used for digestion of high molecular weight substrates. VEMAC modification is a simple and cost-effective strategy to obtain fully active modified enzymes, and may be used to develop bioreactors.
Introduction
The covalent modification of an enzyme with a polymer is a widely accepted strategy to design and synthesize functional enzymatic conjugates with long half-life in the blood stream, thermal stability, stimuli-responsive activity, and reusability [1] [2] [3] .
A polymer chain can be conjugated to a protein via either a single-point or a multi-point attachment. In the former method, only one functional group of a polymer attaches to a protein. This method has often been employed to modify proteins with end-group functionalized polymers including poly(ethylene glycol) (PEG) [4] [5] [6] . Some PEGylated proteins (i.e., proteins modified with PEG) are approved by the U.S. Food and Drug Administration (FDA) and have been used for the treatment of some intractable diseases, such as cancer [7, 8] . As demonstrated by many studies, PEGylation is effective to improve undesirable properties of proteins such as low solubility, aggregability, immunogenicity, and short half-life in the blood stream [9] . Another example of single-point attachment, the "grafting from" method (i.e., surface-initiated polymerization of a monomer from the protein surface) has been enthusiastically studied [10, 11] . In multi-point attachment methods, on the other hand, several functional groups bearing a polymer backbone are used to form protein conjugates. Generally, multi-point attachment is effective in providing a higher conformational stability to proteins against changes in pH and temperature [12] . For example, Riccardi et al. reported that the long-term stability of catalase was significantly improved by conjugating with poly(acrylic acid) via a multi-point attachment method [13] . Treetharnmathurot et al. also reported that the thermal stability of trypsin was enhanced by multi-point conjugation with dextrin, and dextrin with higher molecular weight led to greater stability enhancements [14] .
Trypsin-a serine protease that catalyzes the hydrolysis of peptide bonds at the C-terminal end of lysine and arginine residues-is commonly used in various industrial and research applications for protein digestion. Trypsin digestion is also an important step in the preparation of peptide fragments for protein analysis using mass spectroscopy (MS) due to its high specificity and reproducibility [15] . On the other hand, trypsin is degraded by autolysis at the working pH and temperature, and quickly loses activity. To prevent autolysis during protein digestion, trypsin with methylated lysine residues is commonly used as an MS-grade product [16] . However, the methylation of trypsin cannot completely suppress autolysis, so even modified trypsin must be used at low concentrations that lead to time-consuming digestions [17] . Moreover, the high cost of MS-grade trypsin is an additional disadvantage. Therefore, there is a strong demand for the development of trypsin with autolysis resistance.
In general, enzyme modifications with hydrophilic polymers are effective for the protection of enzymes from protease digestion, due to the shielding effects of hydrated polymers [5] . Thus, the modification of trypsin with hydrophilic polymers to prevent autolysis is promising [14, [18] [19] [20] . The vinylmethylether-maleic acid copolymer (VEMAC) is obtained by hydrolyzing the maleic anhydride moiety from the commercially available vinylmethylether-maleic anhydride copolymer, and has been extensively tested for medical and pharmaceutical applications due to its hydrophilicity, biocompatibility, and non-toxicity [21] [22] [23] [24] [25] [26] . In addition, we have reported the cell compatibility of VEMAC immobilized on polystyrene cell culture dishes [27] , and abundant carboxyl groups on the VEMAC backbone can be used for multi-point conjugation of enzymes.
In this study, we synthesized VEMAC-modified trypsin (VEMAC-Tryp) via a multi-point conjugation method, and investigated the effects of VEMAC on enzymatic activity and stability using a synthetic low molecular weight substrate. In addition, considering that trypsin is frequently used for protein digestion, enzymatic activity against high molecular weight substrates (i.e., proteins) is an important issue in many applications. Thus, the ability of VEMAC-Tryp to digest protein was also evaluated using bovine serum albumin (BSA) as a model substrate.
Results and Discussion

Synthesis of VEMAC-Tryp and Evaluation of Its Enzymatic Activity
VEMAC-Tryp was synthesized by coupling reactions between carboxyl groups in VEMAC and amino groups in trypsin (Scheme 1). To search for optimal conditions of trypsin modification by VEMAC, VEMAC-Tryp was synthesized using varying VEMAC/trypsin (w/w) ratios, and the reaction products were examined. As can be seen in Figure 1a , enzymatic activity-determined using benzoyl-DL-arginine p-nitroanilide hydrochloride (BAPNA) as a substrate [28] -increased with increasing VEMAC/trypsin ratios, and reached a constant value at an 8:1 ratio. Because the conjugation reaction mixture is further incubated at 37 • C for 6 h to hydrolyze unreacted hydroxysuccinimide (NHS) esters, trypsin autolysis will occur if the VEMAC modification is incomplete. Considering that the enzymatic activity of unmodified trypsin was 24.4 ± 1.5 µM/min, the results shown in Figure 1a indicate that incomplete trypsin modification due to inadequate amounts of VEMAC resulted in low activity. Thus, VEMAC-Tryp synthesized at an 8:1 VEMAC/trypsin ratio was used in this study. The number of amino groups in VEMAC-Tryp was estimated by a 2,4,6-trinitrobenzen sulfonic acid (TNBS) assay [29] . The results indicated that unmodified trypsin had~10 accessible amino groups, Catalysts 2017, 7, 4 3 of 10 which was similar to the results reported by others [19, 30] , and almost all of them (~95.1%) were modified by VEMAC. Figure 1b shows the comparison between enzymatic activities of VEMAC-Tryp, unmodified trypsin, and VEMAC/trypsin mixture in phosphate buffer solution (PB, 50 mM, pH 8.0) at 37 • C. Whereas the enzymatic activities of unmodified trypsin and VEMAC/trypsin mixture rapidly decreased and were not detected after a few hours due to autolysis, VEMAC-Tryp activity remained constant for more than 24 h. We monitored the activity of VEMAC-Tryp at 25 • C for a long period of time, and found that over 80% of the initial activity was still present after 12 months ( Figure S1 ). To evaluate the effects of VEMAC modification on the catalytic efficiency of trypsin, enzyme kinetic parameters were determined using the Hanes-Woolf plot. Both Hanes-Woolf plots for unmodified trypsin and VEMAC-Tryp exhibited good linearity (R 2 > 0.97) ( Figure S2 ), indicating that both enzyme kinetics can be analyzed using the Hanes-Woolf equation [31] . The enzyme kinetic parameters obtained are summarized in Table 1 . Although a slight decrease in the catalytic rate constant (K cat ) (i.e., a lower turnover number) was observed in VEMAC-Tryp, the Michaelis constant (K m ) decreased, which indicates that the affinity of modified trypsin for the substrate increased. The increase in affinity of trypsin for BAPNA by VEMAC modification may be attributed to an increase in local BAPNA concentration due to electrostatic interaction between anionic VEMAC and cationic BAPNA. As a result, the K cat /K m ratio-reflecting the catalytic efficiency of the enzyme-increased. These results indicate that the VEMAC modification of trypsin using an optimal VEMAC/trypsin ratio does not affect trypsin activity and is effective to prevent autolysis. others [19, 30] , and almost all of them (~95.1%) were modified by VEMAC. Figure 1b shows the comparison between enzymatic activities of VEMAC-Tryp, unmodified trypsin, and VEMAC/trypsin mixture in phosphate buffer solution (PB, 50 mM, pH 8.0) at 37 °C. Whereas the enzymatic activities of unmodified trypsin and VEMAC/trypsin mixture rapidly decreased and were not detected after a few hours due to autolysis, VEMAC-Tryp activity remained constant for more than 24 h. We monitored the activity of VEMAC-Tryp at 25 °C for a long period of time, and found that over 80% of the initial activity was still present after 12 months ( Figure S1 ). To evaluate the effects of VEMAC modification on the catalytic efficiency of trypsin, enzyme kinetic parameters were determined using the Hanes-Woolf plot. Both Hanes-Woolf plots for unmodified trypsin and VEMAC-Tryp exhibited good linearity (R 2 > 0.97) ( Figure S2 ), indicating that both enzyme kinetics can be analyzed using the Hanes-Woolf equation [31] . The enzyme kinetic parameters obtained are summarized in Table 1 . Although a slight decrease in the catalytic rate constant (Kcat) (i.e., a lower turnover number) was observed in VEMAC-Tryp, the Michaelis constant (Km) decreased, which indicates that the affinity of modified trypsin for the substrate increased. The increase in affinity of trypsin for BAPNA by VEMAC modification may be attributed to an increase in local BAPNA concentration due to electrostatic interaction between anionic VEMAC and cationic BAPNA. As a result, the Kcat/Km ratioreflecting the catalytic efficiency of the enzyme-increased. These results indicate that the VEMAC modification of trypsin using an optimal VEMAC/trypsin ratio does not affect trypsin activity and is effective to prevent autolysis. others [19, 30] , and almost all of them (~95.1%) were modified by VEMAC. Figure 1b shows the comparison between enzymatic activities of VEMAC-Tryp, unmodified trypsin, and VEMAC/trypsin mixture in phosphate buffer solution (PB, 50 mM, pH 8.0) at 37 °C. Whereas the enzymatic activities of unmodified trypsin and VEMAC/trypsin mixture rapidly decreased and were not detected after a few hours due to autolysis, VEMAC-Tryp activity remained constant for more than 24 h. We monitored the activity of VEMAC-Tryp at 25 °C for a long period of time, and found that over 80% of the initial activity was still present after 12 months ( Figure S1 ). To evaluate the effects of VEMAC modification on the catalytic efficiency of trypsin, enzyme kinetic parameters were determined using the Hanes-Woolf plot. Both Hanes-Woolf plots for unmodified trypsin and VEMAC-Tryp exhibited good linearity (R 2 > 0.97) ( Figure S2 ), indicating that both enzyme kinetics can be analyzed using the Hanes-Woolf equation [31] . The enzyme kinetic parameters obtained are summarized in Table 1 . Although a slight decrease in the catalytic rate constant (Kcat) (i.e., a lower turnover number) was observed in VEMAC-Tryp, the Michaelis constant (Km) decreased, which indicates that the affinity of modified trypsin for the substrate increased. The increase in affinity of trypsin for BAPNA by VEMAC modification may be attributed to an increase in local BAPNA concentration due to electrostatic interaction between anionic VEMAC and cationic BAPNA. As a result, the Kcat/Km ratioreflecting the catalytic efficiency of the enzyme-increased. These results indicate that the VEMAC modification of trypsin using an optimal VEMAC/trypsin ratio does not affect trypsin activity and is effective to prevent autolysis. 
Physicochemical Characterization of VEMAC-Tryp
To understand the effects of VEMAC modification on the stability of trypsin, VEMAC-Tryp was characterized using various analytical methods. Table 2 shows the hydrodynamic diameter and zeta-potential of unmodified trypsin and VEMAC-Tryp. The diameter of trypsin increased from~3.3 tõ 21.6 nm, and the zeta potential decreased from −15.3 to −32.6 mV by VEMAC modification, indicating that trypsin was covered with negatively-charged VEMAC. It should be noted that the determined hydrodynamic diameter of unmodified trypsin is very close to the value reported by Chiu et al. [30] . Moreover, the observed monodispersed particle size distribution of VEMAC-Tryp suggests that the crosslinking of trypsin by NHS-activated VEMAC was negligible during the conjugation process ( Figure S3 ). The negatively-charged VEMAC layer on trypsin would contribute to stabilize each VEMAC-Tryp molecule in the reaction system, and to avoid autolysis by electrostatic repulsion. Circular dichroism (CD) spectroscopy was performed to examine the effects of VEMAC modification and incubation on the secondary structure of trypsin. Figure 2 shows that the CD spectrum of unmodified trypsin changed significantly after incubation in PB at 37 • C for 24 h. In contrast, the spectra of VEMAC-Tryp before and after incubation were similar, and closer to that of unmodified trypsin ( Figure 2 ). As can be seen in Table 3 , the loss of α-helix structure and the increase in random coil content in unmodified trypsin after incubation indicate that the enzyme undergoes autolysis during incubation. In contrast, the secondary structure content of trypsin in VEMAC-Tryp was roughly the same before and after incubation, and similar to that of unmodified trypsin. Thus, the results suggest that VEMAC modification does not affect enzymatic activity, and that the structure of trypsin is rigidly stabilized by multi-point conjugation with VEMAC.
The temperature and pH dependence of VEMAC-Tryp were compared to those of unmodified trypsin. The temperature at which maximum activity was observed shifted from 45 • C for unmodified trypsin to 55 • C for VEMAC-Tryp, which led to a 1.4-fold increase in maximum activity (Figure 3a) . A similar increase in trypsin enzymatic activity by polymer modification has also been previously reported [18, 30] . In contrast to a reaction system containing unmodified trypsin, in which autolysis will occur as well as hydrolysis of the substrate, in the reaction containing VEMAC-Tryp, autolysis was completely suppressed by VEMAC modification. The decrease in trypsin concentration during the reaction was therefore negligible, and VEMAC-Tryp can function at a higher temperature than the optimal temperature of unmodified trypsin. In fact, VEMAC-Tryp was thermally stable and retained over 50% enzymatic activity, even after incubation for 24 h at 55 • C ( Figure S4 ). The rapid decrease in VEMAC-Tryp enzymatic activity above 60 • C shown in Figure 3a might result from thermally-induced denaturation of trypsin in VEMAC-Tryp rather than autolysis. (Figure 2) . As can be seen in Table 3 , the loss of α-helix structure and the increase in random coil content in unmodified trypsin after incubation indicate that the enzyme undergoes autolysis during incubation. In contrast, the secondary structure content of trypsin in VEMAC-Tryp was roughly the same before and after incubation, and similar to that of unmodified trypsin. Thus, the results suggest that VEMAC modification does not affect enzymatic activity, and that the structure of trypsin is rigidly stabilized by multi-point conjugation with VEMAC. The temperature and pH dependence of VEMAC-Tryp were compared to those of unmodified trypsin. The temperature at which maximum activity was observed shifted from 45 °C for unmodified trypsin to 55 °C for VEMAC-Tryp, which led to a 1.4-fold increase in maximum activity (Figure 3a) . A similar increase in trypsin enzymatic activity by polymer modification has also been previously reported [18, 30] . In contrast to a reaction system containing unmodified trypsin, in which autolysis will occur as well as hydrolysis of the substrate, in the reaction containing VEMAC-Tryp, autolysis was completely suppressed by VEMAC modification. The decrease in trypsin concentration during the reaction was therefore negligible, and VEMAC-Tryp can function at a higher temperature than the optimal temperature of unmodified trypsin. In fact, VEMAC-Tryp was thermally stable and retained over 50% enzymatic activity, even after incubation for 24 h at 55 °C ( Figure S4 ). The rapid decrease in VEMAC-Tryp enzymatic activity above 60 °C shown in Figure 3a might result from thermally-induced denaturation of trypsin in VEMAC-Tryp rather than autolysis. The pH dependence of VEMAC-Tryp enzymatic activity was also investigated. Whereas unmodified trypsin exhibited maximum activity at pH 8.0 and significantly decreased activity at higher pH, VEMAC-Tryp activity increased from pH 5.9 to 9.8, and enzymatic activities at pH 9.0 and 9.8 were almost the same as the maximum activity of unmodified trypsin (~30 μM/min) ( Figure  3b) . Interestingly, VEMAC-Tryp enzymatic activity below pH 8.0 was lower than that of unmodified trypsin, and no decrease in activity above pH 8.0 was observed. To investigate this unique behavior, the hydrodynamic diameter of VEMAC-Tryp was measured at different pH. The hydrodynamic diameter of VEMAC-Tryp at pH 5.9 was ~4.0 nm, which was very similar to that of unmodified trypsin (Table 2) , whereas the diameter increased significantly to ~21.6 and ~20.9 nm at pH 8.0 and 9.8, respectively ( Table 4 ). Considering that the pKa2 of the maleic acid moiety in VEMAC is 6.5 [32] , many carboxyl groups in VEMAC are protonated at pH 6.0, resulting in a decrease in solubility and in shrinkage of VEMAC in aqueous media, which prevent the access of the BAPNA substrate The pH dependence of VEMAC-Tryp enzymatic activity was also investigated. Whereas unmodified trypsin exhibited maximum activity at pH 8.0 and significantly decreased activity at higher pH, VEMAC-Tryp activity increased from pH 5.9 to 9.8, and enzymatic activities at pH 9.0 and 9.8 were almost the same as the maximum activity of unmodified trypsin (~30 µM/min) (Figure 3b) . Interestingly, VEMAC-Tryp enzymatic activity below pH 8.0 was lower than that of unmodified trypsin, and no decrease in activity above pH 8.0 was observed. To investigate this unique behavior, the hydrodynamic diameter of VEMAC-Tryp was measured at different pH. The hydrodynamic diameter of VEMAC-Tryp at pH 5.9 was~4.0 nm, which was very similar to that of unmodified trypsin (Table 2) , whereas the diameter increased significantly to~21.6 and~20.9 nm at pH 8.0 and 9.8, respectively ( Table 4 ). Considering that the pK a2 of the maleic acid moiety in VEMAC is 6.5 [32] , many carboxyl groups in VEMAC are protonated at pH 6.0, resulting in a decrease in solubility and in shrinkage of VEMAC in aqueous media, which prevent the access of the BAPNA substrate molecule to the active site of trypsin. On the other hand, the larger hydrodynamic diameters observed above pH 8.0 suggest that the fully hydrated state of VEMAC chain on the trypsin surface with deprotonated carboxyl groups would not affect the accessibility of BAPNA to trypsin. Moreover, the results shown in Figure 3b indicate that the rigidity of trypsin modified with VEMAC led to an increase in stability under basic pH conditions. It should also be noted that the changes in VEMAC-Tryp enzymatic activity in response to changes in pH were reversible, suggesting that pH could be used as an on-off switch to modulate enzymatic activity. 
Protease Activity of VEMAC-Tryp
A low molecular weight synthetic peptide substrate is useful to evaluate the catalytic ability of trypsin. However, the enzymatic activity of trypsin with high molecular weight substrates (i.e., proteins) should also be examined, because trypsin is widely used for protein digestion. Although polymer modification can thermally stabilize the enzyme, it has a high probability of disturbing the reaction with the substrate, especially high molecular weight substrates [4, 11, 33] . Thus, the protease activity of VEMAC-Tryp was investigated using a BSA as a model protein substrate. The reaction with BSA was conducted at 55 • C for VEMAC-Tryp, based on the results shown in Figure 3a and Figure S4 , and at 37 • C for unmodified trypsin, because it quickly lost activity at 55 • C ( Figure S5 ). BSA digested with unmodified trypsin or VEMAC-Tryp was assayed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the polypeptide patterns resulting from proteolysis were compared. The signal intensity of the polypeptide corresponding to undigested BSA (62 kDa) decreased, and polypeptides corresponding to BSA fragments appeared after incubation with unmodified trypsin for 5 min, although the digestion pattern remained roughly unchanged after further incubation (Figure 4a) . Moreover, the polypeptide corresponding to unmodified trypsin (23 kDa) rapidly decreased in levels with increasing incubation time, indicating that trypsin autolysis occurred and protein digestion was interrupted at an early stage (Figure 4a ). In contrast, digestion with VEMAC-Tryp led to a significantly reduced signal intensity of polypeptides corresponding to BSA after incubation for 5 min, and no polypeptides were detected after 1 h (Figure 4b ). These results indicate that VEMAC-Tryp is able to digest BSA effectively, and that enough protease activity remains for at least 1 h at 55 • C. Moreover, no polypeptide corresponding to unmodified trypsin was observed (Figure 4b ), suggesting that trypsin was effectively conjugated with VEMAC. occurred and protein digestion was interrupted at an early stage (Figure 4a) . In contrast, digestion with VEMAC-Tryp led to a significantly reduced signal intensity of polypeptides corresponding to BSA after incubation for 5 min, and no polypeptides were detected after 1 h (Figure 4b) . These results indicate that VEMAC-Tryp is able to digest BSA effectively, and that enough protease activity remains for at least 1 h at 55 °C. Moreover, no polypeptide corresponding to unmodified trypsin was observed (Figure 4b ), suggesting that trypsin was effectively conjugated with VEMAC. 
Materials and Methods
Materials
Trypsin (bovine pancreas) and TNBS were purchased from Wako Pure Chemical Industries, Osaka, Japan. VEMAC was prepared by hydrolyzing the maleic anhydride moiety of vinylmethylether-maleic anhydride copolymer (MW = 200 kDa) provided by ISP Japan (Tokyo, Japan). BAPNA was purchased from Peptide Institute, Osaka, Japan. All other reagents and solvents were obtained from Sigma-Aldrich (St. Louis, MO, USA). Dialysis membranes (molecular weight cut-off: 3.5 kDa) were purchased from Spectrum Laboratories (Rancho Domingo, CA, USA). PB was prepared using sodium dihydrogen phosphate, sodium hydrogen diphosphate, and deionized water, and used for VEMAC-Tryp synthesis and enzyme activity measurements.
Physicochemical Characterization
Hydrodynamic diameter and zeta-potential were measured using a Zetasizer NanoZS (Malvern Instrument, Malvern, Worcestershire, UK) at room temperature. VEMAC-Tryp was dialyzed against PB to remove low molecular weight impurities and adjusted to 0.2 mg/mL in PB. Unmodified trypsin was adjusted to 0.2 mg/mL in PB.
For CD measurements, VEMAC-Tryp was dialyzed against PB to remove low molecular weight impurities and adjusted to 0.1 mg/mL in PB. Unmodified trypsin was adjusted to 0.25 mg/mL in PB. CD spectra were recorded with a J-820 CD spectrometer (JASCO, Tokyo, Japan) in a quartz cell (light path: 1 mm) at 4 • C. Secondary structure contents were calculated by a protein secondary structure analysis program provided by JASCO.
Synthesis of VEMAC-Tryp and Preparation of a VEMAC/Trypsin Mixture
VEMAC-Tryp was synthesized at an 8:1 VEMAC/trypsin ratio as follows: 4.0 mg/mL VEMAC solution in PB was mixed with 0.3 mL of 120 mM NHS and 0.3 mL of 300 mM N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride (EDC) in PB at 4 • C and incubated for 1 h at room temperature under shaking at 1000 rpm to activate carboxyl groups in VEMAC to NHS-ester. The resulting mixture was cooled to 4 • C and mixed with 1.2 mL of 0.5 mg/mL trypsin in PB and incubated at 4 • C for 24 h under shaking at 500 rpm. Finally, the reaction mixture was incubated at 37 • C for 6 h to hydrolyze unreacted NHS-ester and EDC. The VEMAC-Tryp was stored at 4 • C until use. To synthesize VEMAC-Tryp using other VEMAC/trypsin ratios, different amounts of EDC/NHS-activated VEMAC were used in the reaction mixture with a fixed concentration of trypsin. The number of amino groups used for VEMAC modification was estimated by TNBS assay. Briefly, a mixture of 0.25 mL of 2.8 mM TNBS solution and 0.25 mL of 10 mM of Na 2 SO 3 solution was added to a 1.25 mL of sample dissolved in 0.1 M sodium tetraborate (pH 9.5). The solution was mixed and incubated at 30 • C for 2 h. The absorbance was measured at 420 nm using a Multiskan JX microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). A blank was prepared similarly without sample.
A VEMAC/trypsin mixture was prepared using the same procedure described above for VEMAC-Tryp synthesis, but without activation of VEMAC carboxyl groups using EDC and NHS.
Evaluation of Enzymatic Activity Using a Low Molecular Weight Synthetic Substrate
To evaluate the catalytic activity of VEMAC-Tryp, the synthetic low molecular weight compound BAPNA was used as substrate. A mixture of 0.84 mL of PB and 0.06 mL of 16.7 mM BAPNA in DMSO was incubated at 37 • C for 5 min. Next, 0.1 mL of VEMAC-Tryp or unmodified trypsin containing 0.2 mg/mL of the enzyme was added to the BAPNA solution and incubated at 37 • C. After a predetermined time, a 0.1 mL aliquot was removed and mixed with 0.1 mL of 10% (w/v) acetic acid to stop the reaction. The release of p-nitroaniline from BAPNA by trypsin was determined by measuring absorbance at 405 nm using a Multiskan JX microplate reader. The release rate of p-nitroaniline versus time was plotted, and the initial slope used as enzymatic activity (µM/min). In the experiments examining temperature and pH dependence of trypsin activity, the reaction with BAPNA was conducted as described above at the indicated temperature and pH.
Evaluation of Protease Activity
To evaluate the protease activity of VEMAC-Tryp, BSA was digested with VEMAC-Tryp or unmodified trypsin and analyzed by SDS-PAGE using an AE-7300 electrophoresis system (ATTO, Tokyo, Japan) according to the manufacturer's instructions. Briefly, the VEMAC-Tryp solution was dialyzed against deionized water to remove impurities and salts. After freeze-drying, a 10 mg/mL trypsin solution was prepared in PB. A volume of 0.1 mL of the trypsin solution was mixed with 0.1 mL of 11 mg/mL BSA in PB, and the mixture was incubated at 55 • C. After a predetermined time, a 0.01 mL aliquot was removed and mixed with 0.1 mL SDS sample loading buffer containing SDS, 2-mercaptoethanol, and glycerin. After SDS-PAGE, the gel was stained with Coomassie Brilliant Blue. The stained peptides in the gel were read using a scanner (LiDE200, Canon, Tokyo, Japan).
Conclusions
Highly stabilized trypsin with autolysis resistance was synthesized by nonspecific multi-point conjugation of the enzyme with VEMAC without affecting enzymatic activity. This stability extended for many months, and the modified enzyme showed highly efficient protease activity. Its activity persisted at higher temperatures and at higher pH than that of unmodified trypsin, and the effects of pH on enzymatic activity were reversible, indicating that pH could be used as an on-off switch for the modified enzyme.
The results obtained in this study indicate that the VEMAC modification of an enzyme via multi-point attachment is effective to improve thermal stability. Although nonspecific multi-point conjugation of enzyme with polymer may result in a decrease in activity as previously reported [34, 35] , the VEMAC modification under optimized conditions is a simple and cost-effective strategy using a commercially available polymer that can be used to obtain fully active modified enzymes. Furthermore, VEMAC-Tryp contains many unmodified carboxyl groups that can be used for immobilization of VEMAC-Tryp on solid supports like particulate and porous materials, which is relevant to the design and development of bioreactors. 
